Conformity between macro-mechanics and microscopic functions of hydrogen in failure is reviewed in reference to some models of hydrogen embrittlement (HE), focusing on the role of plasticity. Plastic strain localization, a characteristic feature of HE, is consistent with the hydrogen-enhanced creation of vacancies during plastic deformation. Constitutive relations that take into account the presence of voids describe well the ductile fracture process in HE. The effect of hydrogen on increasing the density of strain-induced vacancies likely promotes plastic instability and decreases ductile crack growth resistance, thus leading to enhanced shear localization and a premature failure.
Introduction
The mechanism of hydrogen embrittlement (HE) has been discussed for decades on the basis of various models. [1] [2] [3] [4] [5] [6] [7] The models so far proposed stand on either of two major viewpoints, brittle or ductile in nature. The operating one may differ depending on the situation, but substantial findings have revealed concerns of plasticity in some specific ways.
An example is enhanced strain localization associated with crack advance and appearing as reduced roughness of the fracture surface, 8, 9) a decrease in the crack-tip opening displacement 10) or a localized plastic zone in front of the crack tip.
11) The formation of micro-cracks or voids within deformation bands or intersections of slip bands 12, 13) is further evidence of the hydrogen-promoted generation of damage associated with interactions between dislocations.
In a more elementary process, activation of dislocation dynamics by hydrogen has been observed by means of in situ transmission electron microscopy 14) as well as in stress relaxation 15, 16) and transient creep 17) experiments. Hydrogenenhanced creation of vacancies during straining 18, 19) is another plasticity-related function of hydrogen and its relevance to the susceptibility to HE has been demonstrated. 8, 20) Most models have addressed the observed degradation using hydrogen concentration as a key parameter. In order for a model to be valid, the supposed function of hydrogen must firstly explain characteristic features that distinguish HE from other types of fracture. Besides the concerns of plasticity, hydrogen embrittlement in steels is characterized by a very low concentration of hydrogen, of the order of 1 mass ppm, that causes degradation.
Secondly, another important requirement for a model to be valid is that the assumed microscopic function of hydrogen must be incorporated in the mechanics that describe the macroscopic fracture process in bulk specimens, since fracture is controlled by macro-mechanics. However, quantitative characterizations of ductile fracture have not been well established and only a few studies of HE have taken into account the mechanics in the fracture process. In this paper, a brief review will be made with respect to conformity between macro-mechanics and presumed functions of hydrogen, focusing on the role of plasticity.
Plastic Instability
Ductile fracture is a process in which voids grow and link together to form a continuous fracture path. Even in a fracture mode the macroscopic appearance of which is cracklike, the same essentially plastic phenomenon often takes place on a more microscopic scale. 21) In failure induced by plastic deformation, plastic flow localization such as necking phenomena in tensile loading is a crucial stage that determines the macroscopic fracture strain. Necking is a type of plastic instability in which material no longer maintains a stable equilibrium under a given loading condition. The linking of voids by internal necking and void sheet formation 22) is associated with the plastic instability of ligaments.
Geometric or microstructural inhomogeneity occasionally induces strain localization, but the constitutive relations of the material also play an important role in plastic instability. Shear localization along characteristic slip lines at a notch root is a case of plastic instability caused by the activation of a tangential velocity discontinuity. The condition for the onset of a discontinuity in a material with the constitutive relation of for constant σ h. The hardening modulus h is a decreasing function of the amount of strain. The critical condition for bifurcation was given in terms of h related to the incremental constitutive parameters including β and to the prevailing stress state.
Hydrogen Effects on Mechanics of Continuum
Hydrogen promotion of the nucleation and growth of microcracks has been observed along characteristic slip bands at the notch root of bent specimens of plain carbon steels. 23, 25) The phenomena indicate that hydrogen promotes instability extending well away from the free surface. The autocatalytic mechanism of HE proposed by Hirth 26) is a cooperative process of voids promoting shear localization and shear localization promoting void formation. In this model, the role of hydrogen is assumed to enhance decohesion or cracking at second phase particles.
In the autocatalytic model, instability is a geometric effect and the presence of voids suffices to produce shear instability without intrinsic hydrogen effects in the constitutive relations. The mechanism may be viable in situations under a high hydrogen fugacity that causes decohesion of particles. However, degradation appears even under mild hydrogen environments where irreversible damage is not formed on hydrogen charging. In fact, dimples not associated with second phase particles are commonly observed on ductile fracture surfaces, indicating void formation associated with plastic flow without any contribution from the particles.
Hydrogen-enhanced localized plasticity (HELP) is a notable hydrogen effect and a mechanism proposed for it involves the shielding of the elastic interactions between dislocations and obstacles by solute hydrogen. 27 ) HELP itself, however, is not a mechanism of fracture, and Liang et al. 6) applied the HELP mechanism to a shear instability criterion.
The calculations done by Liang et al. were based on the model proposed by Rudnicki and Rice 24) for the bifurcation of planar shear band from homogeneous deformation, (6) where σ 0 is the yield stress in the absence of hydrogen and is a softening parameter. Equation (6) indicates that the yield stress decreases with increasing hydrogen concentration.
The original idea of HELP that assumed a softening effect by solute hydrogen 27) has been extended to the effects of hydrogen trapped at dislocations. Thus, the decrease in the flow stress due to hydrogen is more prominent in the area of a higher dislocation density and a hydrostatic stress. Such assumptions lead to the hardening modulus in Eq. (4) that decreases with increasing strain. The volumetric dilatation required in Eq. (3) has also been taken into account through the lattice expansion that occurs around a solute hydrogen atom.
A measure for promoting bifurcation is the ratio of the critical strain εcr for the onset of shear bifurcation to the yield strain ε0. εcr is a function of the initial hydrogen concentration c0, but numerical results have shown that a very high c0 is needed for effectively promoting bifurcation. For example, on uniaxial tensile straining of a steel specimen, εcr/ε0 is over 200 even if c0 is set higher than 0.5 (in the unit of H atoms per solvent atom), and the decrease in σ 0(c) from the value of zero hydrogen concentration is as much as about 40%.
Liang et al. 6 ) also examined necking instability by means of finite element simulations. Uniaxial straining of specimens with a small geometric imperfection or a small inhomogeneity of hydrogen concentration gives rise to elastic unloading at a certain plastic strain, indicating the onset of shear bifurcation that does not appear in the absence of hydrogen. The critical strain decreases with increasing c0, but again c0 must be as high as 0.2 for a decrease of a few % in εcr/ε0. The results may vary depending on the assumptions employed for the calculation, but, intuitively, a substantial hydrogen concentration would be necessary in so far as the effect of hydrogen on the flow stress were similar to that of common alloying elements.
Hydrogen Effects on Mechanics of Porous Materials
Ductile fracture is a process that proceeds in the presence of voids and constitutive relations should incorporate the presence of voids. The yield condition for voided material in terms of the plastic potential Φ, initially derived by Gurson 28) and modified by Tvergaard, 29) is of the form, , ... (7) in which σ e, σ M, σ h, f and q's are the effective stress, the matrix flow stress, the hydrostatic stress, the void volume (8) where and are the rates of increase of the void volume fraction by growth and nucleation, respectively. Explicit expressions of the terms on the right-hand side of Eq. (8) have been given by Tvergaard 29) as a function of stress and strain states. Equations (7) and (8) imply that the flow stress decreases with the progress of deformation, favoring plastic instability criteria.
Using Eqs. (7) and (8), Needleman and Tvergaard 30) conducted numerical analyses of the stress and strain fields around a crack tip in voided materials. The model materials they used contain two types of particles that act as the void source. Large particles are regularly distributed and the void nucleation therefrom is stress-controlled at a rather early stage, while small particles are uniformly distributed and the void nucleation is strain-controlled.
A critical stage in ductile fracture is the onset of ductile crack growth. Needleman and Tvergaard 30) have posited that the coalescence of the crack tip with a nearby void takes place due to a rapid loss of stress carrying capacity when f in Eq. (7) exceeds a certain critical value fc, say, at fc = 0.15, at the crack front. Their calculations predict the appearance of a small jog in the COD vs. J curves when the crack growth initiates as shown schematically in Fig. 1 , but the jog is too small to be observed directly.
Fujii and Nagumo 31) devised a method for emphasizing the presence of the jog by taking the gradient of a line from the origin intersecting the δ vs J/σ 0 curve. The maximum gradient is expected for the line passing through the upper end of a jog as shown in Fig. 1. Figure 2 31) shows the results of a three-point bending test using a notched specimen of a low carbon steel of 600 MPa in tensile strength. The potential method, that measures the electric potential across the notch, has also been employed concurrently to monitor the initiation and growth of a stable ductile crack. As expected, the maximum appeared on δ /(J/σ 0) at the crack initiation detected by the potential method, thereby supporting the prediction by Needleman and Tvergaard.
30)
The effect of hydrogen on crack initiation from a notch root has also been examined using the proposed method.
32)
Figure 3 32) shows the results for a low carbon ferrite·pearlite steel with/without hydrogen precharging. When hydrogen was not present, Fig. 3a , the maximum appeared on δ /(J/σ 0), coinciding with the crack initiation detected by the potential method, similar to the result in Fig. 2 . On the other hand, when hydrogen was precharged, Fig. 3b , the potential method showed crack initiation at an earlier point, but δ /(J/σ 0) increased continuously without showing the maximum. The potential drop across the notch is also shown. Concurrently observed electric potential difference across the notch is also shown. (a) without and (b) with hydrogenprecharging.
32) © 2012 ISIJ
In the concept presented by Needleman and Tvergaard, 30) the jog comes from a discontinuous linking of the crack tip with the nearest large void due to the loss of stress carrying capacity of the ligament. Accordingly, a continuous increase in δ /(J/σ 0) implies that crack growth takes place successively and continuously. The loss of stress carrying capacity is a result of the increased density of voids nucleated at uniformly distributed small particles. However, in the model, second phase particles are not essential as the void source; the clustering of vacancies is also a possible cause of small void formation as described experimentally 33, 34) and theoretically 35) in the literature. The density of vacancies created by interactions between dislocations has been estimated to amount to 10 -5 to 10 -3 through mechanisms such as mutual annihilation of edge dislocations of opposite signs 36) or dragging of jogs. 35) Hydrogen effects on increasing the density of vacancies have been validated from two aspects, thermodynamics and kinetics. The coupling of vacancies with hydrogen effectively reduces vacancy formation energy, leading to a higher density of vacancies in thermal equilibrium.
37) The increase is substantial, but the resultant equilibrium density is still very low. On the other hand, a reduction in the diffusion frequency of vacancies has been shown by Miyazaki et al. 38) using a first principle calculation. They have also shown that hydrogen increases the velocity of a jog on dislocations, thus remaining behind highly concentrated vacancies and stabilized clusters.
In the constitutive relation of Eq. (7), the effect of a high density of vacancies is incorporated in the void volume fraction. With respect to the loss of stress carrying capacity, another feasible function of a high density of vacancies is lattice instability that has been noticed in connection with the melting of metals. 39) Amorphization associated with the generation of vacancies has been observed in various intermetallic compounds subjected to high energy electron or ion irradiation. 40) Solid-state amorphization by mechanical alloying is a well-known phenomenon 41) that results from a heavy plastic deformation. Regarding the effect of hydrogen, we have observed amorphization at the crack front and just beneath the fracture surface in a tensile fractured hydrogen-charged ferritic steel. 42) Characteristic mechanical properties of the amorphous phase are a low work-hardening rate leading to plastic instability and a high susceptibility to HE. 43) 
Ductile Crack Growth Resistance
Ductile fracture is a successive process of nucleation, growth and linking of voids. While brittle fracture has been precisely examined with respect to the instability criteria of an incipient crack, quantitative analyses of the ductile fracture process have been limited. An effective method for characterizing the ductile fracture process is the crackgrowth resistance curve (R-curve) that plots the energy release rate vs. crack length as schematically shown in Fig.  4 using the J-integral as a parameter of the energy release rate.
In the ductile-brittle fracture transition region, the energy dissipated by plasticity often covers a major portion of the overall fracture toughness. The decrease in fracture toughness at lower testing temperatures is due to earlier termination of the R-curve while its shape is hardly affected. 44) On the other hand, microstructural effects on fracture toughness appear as an alteration of the R-curve shape. 44) An example is the effect of second phases along grain boundaries in low carbon steels as demonstrated by Yagi et al.. 45) The boundary phases act as a constraint against slip extension across boundaries, and crack growth resistance substantially decreases as the fractions of constraint phases along boundaries increase.
As described in Section 4, the onset of ductile crack growth follows void nucleation ahead of the crack associated with plastic straining. One possible void source is straininduced vacancies the density of which has been shown to correspond to the amount of constraint phases along boundaries. 45) It implies that ductile crack growth resistance is strongly affected by constraint phases that function to create vacancies by activating interactions between dislocations in neighboring strain fields.
Ductile crack growth resistance, or the J-integral, is a quantity inherent to stress and strain fields ahead of the crack. A simulation of the observed R-curve has been conducted by calculating the J-integral at successive stages of crack advance in a low carbon steel. 46) For the calculation of the fields, a finite element analysis employing the constitutive relations in Eqs. (7) and (8) was performed using the experimentally obtained flow stress and the nucleation void density. Figure 5 46) shows calculated J-integrals and the experimental R-curve at crack advances of less than 200 μm at testing temperatures of 153 K and 303 K. The agreement is quite satisfactory, supporting also the finding 44) that Rcurves are almost insensitive to the testing temperatures.
The results above were used to examine hydrogen effects on ductile crack growth resistance. Figure 6 47) shows the Rcurves of the steel used in Fig. 5 with/without hydrogen precharging. A substantial decrease in crack growth resistance due to hydrogen is evident under a fairly mild hydrogencharging condition so as to avoid permanent damage due to charging. The amount of absorbed hydrogen was 0.82 mass ppm that diffused out almost completely at temperatures lower than 473 K. without hydrogen charging is the experimentally observed result, while 3.5% in the hydrogen-charged specimens is taken so as to give the best fit to the observed R-curve. The results imply that the decrease in ductile crack growth resistance due to hydrogen is ascribable to an increased void volume fraction associated with enhanced creation of straininduced vacancies. The stress and strain fields ahead of the crack have been calculated using the constitutive relation Eq. (7) for different nucleation void volume fractions. 47) When the cases with/ without hydrogen charging are compared, not shown here, the distribution of tensile stress is similar, but tensile strain close to the crack tip is reduced and localized in the hydrogen-charged specimen. Another important result is a significant difference in the distribution of the volume fractions of voids in front of the crack as shown in Fig. 7 46) after crack advance of 200 μm. In the hydrogen-charged specimen, the volume fraction of the nucleation voids is markedly increased in the area close to the crack tip and the distribution of the total void volume fraction is highly localized. The results correspond quite well to the localized plasticity that characterizes HE as described in Section 1.
Concluding Remarks
Conformity between macro-mechanics and microscopic functions of hydrogen in failure has been reviewed in reference to some models of hydrogen embrittlement (HE), focusing on the role of plasticity. While quantitative expressions have been limited, some attempts have been made to find a critical event related to plastic instability. One successful finding is the concern of hydrogen-enhanced creation of vacancies associated with plastic deformation, which is consistent with the characteristic localization of plastic deformation in HE.
Constitutive relations for porous materials that take into the void volume fraction in the yield function describe well the ductile fracture process in HE of steels. The effect of hydrogen on increasing the density of strain-induced vacancies and their clusters likely enhances void formation. Promotion of plastic instability and decrease in the ductile crack growth resistance then follow, thus leading to enhanced shear localization and a premature failure.
The hydrogen-enhanced strain-induced vacancies (HESIV) mechanism 5) considers vacancy clusters rather than hydrogen itself as the primary factor of HE. It should be noted that the observed hydrogen concentration is also a measure of the density of lattice defects that couple with hydrogen. A very low concentration of hydrogen, normally of the order of 1 mass ppm, can conceivably cause degradation so far as it represents the density of coupled vacancies. Since the strain-induced creation of vacancies results from interactions between dislocations, HE should be sensitive to local is of the hydrogen-charged one. 47) The dark area at the lower right corner is the crack and the tensile stress is perpendicular to the crack.
